Abstract Aims/hypothesis: Glucose and the peptide growth factors insulin, IGF-I and IGF-II strongly regulate beta cell mass. Furthermore, beta cell expression of IGF-I receptor (Igf1r) and insulin receptor (Insr) is mandatory for several steps of insulin secretion. Materials and methods: We hypothesised that glucose concentration might regulate expression of Igf1r, Insr and insulin receptor-related receptor (Insrr) in islets and beta cells. Moreover, since the ratio of ATP:ADP is the most important intracellular mechanism involved in insulin secretion, and since depletion of ATP leads to AMP accumulation, we evaluated the role of AMP-activated protein kinase (AMPK) in glucose-dependent receptor regulation. Results: In rat islets, high glucose exposure (25 mmol/l) increased gene expression of Igf1r, Insr and Insrr but also of the metabolic glycolysis gene liver-type pyruvate kinase (Pklr) compared with intermediate (6.2 mmol/l) or low glucose concentration (1.6 mmol/l) after 24 h. In rat INS-1E beta cells, only Pklr expression was suppressed by low glucose as in islets, while Insr and Insrr were suppressed by high and increased by low glucose levels. Igf1r expression was suppressed by both high-and low-glucose concentration. Activation of AMPK by 5-amino-imidazolecarboxamide riboside (AICAR, 0.5 mmol/l) suppressed Pklr expression, but strongly stimulated gene expression of Igf1r, Insr and Insrr. Protein expression of IR and IGF-IR reflected glucose and AICARregulated mRNA expression of both receptors in INS-1E cells. Conclusions/interpretation: We conclude that glucose directly interacts with islet and beta cell expression of growth factor receptors that are mandatory for both beta cell growth and insulin secretion. Stimulation of Igf1r and Insr gene expression by the AMPK-activator AICAR might indicate involvement of AMPK in the regulation of Igf1r, Insr and Insrr expression in beta cells.
Introduction
Glucose is a major factor for proliferation of pancreatic beta cells in vivo and in vitro [1, 2] . However, the pathways and mechanisms behind glucose-dependent regulation of growth and replication of pancreatic islets are largely unknown [3] . Among potent beta cell growth factors are nutrients like glucose or peptides like insulin, IGF-I or IGF-II. Furthermore, in situations where proliferation of pancreatic beta cells has been induced by IGF-I or growth hormone, this was strongly glucose dependent [2, 4, 5] . Increased glucose concentrations of 10-20 mmol/l were found to inhibit apoptosis in single beta cell cultures, compared with lower glucose levels [6] . Therefore characterisation of existing and new molecular mechanisms of nutrient-and growth-factor-induced proliferation is of im-portance to understand survival, regeneration and apoptosis of islets and beta cells in physiology and diabetes.
The insulin receptor (IR), IGF-I receptor (IGF-IR) and insulin-receptor-related receptor (IRR) are transmembrane heterotetramers formed by two identical extracellular α-subunits and two transmembrane and receptor-tyrosinekinase-containing β-subunits. They are highly homologous in terms of amino acid sequence and structure and are in the IR family [2, 5, 7, 8] . Almost certainly, these receptors form chimeric receptor hybrids of IGF-IR (αIRβIR,αIG FIRβIGFIR), IR-IRR (αIRβIR,αIRRβIRR) and IGF-IR-IRR (αIGFIRβIGFIR,αIRRβIRR) tetramers that depend on specific expression levels for each receptor type [9] . Not belonging to the IR family, the IGF-II/mannose-6-phosphate receptor (IGF-II/M6PR) is a single-chain polypeptide without a tyrosine kinase region. IGF-II/M6PR binds predominantly IGF-II and is mainly involved in intracellular trafficking of lysosomal enzymes and decay of IGF-II [10] . All members of the IR family and IGF-II/M6PR are expressed in islets and beta cells [11] [12] [13] .
In vitro studies and in vivo mutant mice models give further insights into the role of insulin and IGF signalling in pancreatic islets and beta cells. In INS-1E rat beta cells, IGF-I and IGF-II inhibit apoptosis induced by the cytokines IFN-γ and TNF-α or by high glucose concentrations [5] . In transgenic mice, beta cell expression of IGF-I leads to recovery from streptozotocin-induced diabetes [14] while overexpression of IGF-II leads to an increased beta cell mass at birth [15] . On the other hand, beta-cell-specific knock-out of IGF-IR or IR in mice leads to altered glucose sensing and glucose intolerance in adult mice but only the IR knock-out mice display a reduced beta cell mass in adult life [16] [17] [18] . Furthermore, in vitro knock-down studies applying a small-interfering-RNA technique allowed detailed comparison of the specific function that each receptor, IR and IGF-IR, plays in beta cell function [11] . Loss of either receptor in MIN-6 beta cells completely inhibited glucosemediated insulin secretion but not insulin secretion mediated by depolarising agents. In detail, knock-down of IGF-IRs is associated with a dysregulation of cellular, ATP-sensitive insulin secretion, while knock-down of IRs inhibits expression of specific, glucose-regulated genes. These results underline the important role of both receptors in glucosedependent insulin secretion and expression of glucoseregulated genes. Also a distinct functional role of hybrid IGF-IRs in mediating their own specific effects has been hypothesised, even if there was no precedence for this [9] . The IRR is an orphan receptor without any known ligand and might predominantly modulate IR or IGF-IR signalling through IRR-IGF-IR or IRR-IR hybrid formation [19, 20] . Less is known about IRR and beta cell function, but mutant IRR knock-out mice appear to have normal beta cell mass and beta cell function [21] . Nevertheless, IRR is specifically expressed in pancreatic beta cells and its intracellular tyrosine kinase domain is able to activate insulin receptor substrate (IRS)-1 and IRS-2 [19] .
In summary, both IR and IGF-IR seem to be important in maintaining normal beta cell function in terms of glucosestimulated insulin secretion. In contrast, they do not play a crucial role in pre-or postnatal regulation of beta cell mass but could play a role in adapting islet mass to hyperglycaemia or following pancreas injury [1, 17, 18] . Thus activation of the IGF/IGF-IR axis seems to protect beta cells against cell death and to increase beta cell mass, while during embryonic and fetal beta cell growth, both IGF-IR and IR appear to have overlapping functions and partly cover defects of either IGF-IR or IR signalling [14, 22] .
In beta cells, glucose-dependent gene regulation was extensively investigated with respect to genes which modulate glucose metabolism and insulin secretion. The AMPactivated protein kinase (AMPK) is activated by high AMP and low ATP concentrations. In detail, 5′-AMP allosterically activates AMPK but also activates the upstream AMPK kinase and makes AMPK a worse substrate for protein phosphatases [23, 24] . A low cellular glucose concentration leads to depletion of ATP and cellular accumulation of AMP, which then leads to AMPK activation. For cellular experiments, AMPK can be activated by 5-amino-4-imidazolecarboxamide riboside (AICAR). AICAR is taken up by cells and converted to its monophosphate, ZMP, which than acts in an AMP-like way on all levels of AMPdependent activation of AMPK [24] . In pancreatic beta cells, activation of AMPK by low glucose or by AICAR decreased the expression of metabolic genes, including solute carrier family 2 (facilitated glucose transporter), member 2 (SLC2A2), aldolase B (ALDOB), liver-type pyruvate kinase (PKLR) or preproinsulin (INS) [24, 25] . The nuclear transcription factor hepatocyte nuclear factor-4α (HNF4α), but also the newly discovered carbohydrateresponse-element-binding protein, were found to be downstream targets of AMPK [26, 27] . Thus AMPK was claimed to have a pivotal role in the regulation of glucose-dependent metabolic genes [28] .
Since glucose is the main source of islet function, we tested the hypothesis that glucose concentration regulates expression of receptors that participate in the transduction of growth and of metabolic function in beta cells. In detail, we investigated in rat islets and in INS-1E beta cells whether high or low glucose concentrations regulate mRNA and protein expression of several members of the IR family, most importantly the tyrosine kinase receptors IGF-IR, IR and IRR. Moreover, since the ratio of ATP:ADP is the most important intracellular mechanism involved in glucosestimulated insulin secretion, and since depletion of ATP leads to AMP accumulation, we evaluated the role of AMPK in glucose-dependent receptor regulation.
Materials and methods

Cells and reagents
The rat insulinoma cell line INS-1E was a generous gift from Prof. Claes Wollheim, Geneva, Switzerland and represents a highly differentiated and glucose-sensitive clone of parental INS-1 cells. INS-1E cells were cultured in RPMI 1640 medium supplemented with 5% fetal calf serum, 10 mmol/l HEPES, 2 mmol/l L-glutamine, 1 mmol/l Na-pyruvate, 50 μmol/l β-mercaptoethanol, 100 U/ml penicillin and 100 μg/ml streptomycin (Sigma Chemical, Taufkirchen, Germany) in 5% CO 2 at 37°C. Standard cell culture medium contains 200 mg/dl (11.1 mmol/l) glucose concentration. Dextrose (D-glucose) and laevulose (L-glucose), serving as an osmotic control without metabolic activity, were from Sigma.
Glucose culture of INS-1E cells INS-1E cells were seeded into six-well plates and kept in culture medium (containing 11.1 mmol/l glucose) for 3 days. Cells were then washed in serum-free incubation medium without glucose and then exposed to incubation medium containing glucose concentrations between 1.6 and 50 mmol/l glucose. Incubation medium was based on glucose-free RPMI 1640 medium, supplemented with 0.2% BSA, 10 mmol/l HEPES, 2 mmol/l L-glutamine, 1 mmol/l Na-pyruvate, 50 μmol/l β-mercaptoethanol, 100 U/ml penicillin and 100 μg/ml streptomycin (Sigma). INS-1E cells remained viable for up to 72 h under these serum-free incubation conditions (data not shown).
Animals and preparation of isolated islets of Langerhans
Islets were isolated from the disease-resistant rat strain LEW.1W. Rats were bred and kept in the Animal Laboratories at the University of Greifswald in Karlsburg, Germany under strict hygienic conditions and were free of major pathogens as described [29] . Animals were treated in line with national and international guidelines on the care of laboratory animals. Rats were maintained at a 12 h light and darkness cycle (05:00/17:00 hours) and had free access to food (Ssniff; Soest, Germany) and acidulated water. Islets of Langerhans were isolated from pooled pancreases of 8-day-old male LEW.1W rats. Pancreatic islets were prepared by fractionated collagenase digestion (Serva, Heidelberg, Germany) followed by Dextran M70 density gradient centrifugation. After separation from exocrine tissue, islets were hand-picked under a stereomicroscope [30] .
Glucose culture of islets
Following islet isolation, groups of 500 islets were incubated with glucose concentrations of 1.6, 6.2 and 25 mmol/l under sterile condition in RPMI 1640 medium supplemented with 10% fetal calf serum, 20 mmol/l L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin (Sigma) for 24 h at 37°C under a humidified gas atmosphere (5% CO 2 :95% O 2 ). Islet function was tested for each single experiment by islet insulin content before and immediately after incubation experiments and by insulin release into incubation medium during the incubation period.
RNA isolation and RT-PCR analysis
Total RNA was isolated from 500 islets for one experiment or from INS-1E cells grown in six-well plates at 10 6 cells per well using RNeasy mini columns (Qiagen, Hilden, Germany). DNA was digested with ribonuclease-free deoxyribonuclease (Qiagen) following the original protocol, and complete DNA removal was confirmed by PCR for rat Actb with an RNA template. For first-strand synthesis, 21 μl reaction mix containing 2 μg RNA, 1×RT buffer (Life Technologies, Karlsruhe, Germany), 200 μmol/l deoxyNTPs, 200 ng random primers (p[dN] 6 ) and 0.01 mol/l dithiothreitol were denatured at 65°C for 5 min and incubated on ice for 2 min. After adding 200 U Moloney murine leukaemia virus reverse transcriptase (Life Technologies) and 40 U ribonuclease inhibitor, the reaction was performed at 39°C for 60 min and was stopped by denaturation at 94°C for 2 min. Contamination controls with enzyme omitted in the reaction were performed. The integrity of each template was confirmed by control PCR for rat β-actin (Actb). PCR was performed in a thermal cycler (GeneAmp PCR system 2400; Perkin-Elmer, Uberlingen, Germany) using the Advantage cDNA Polymerase Mix (BD Biosciences, Clontech, Palo Alto, CA, USA). PCR primers and conditions are summarised in Table 1 . In all PCR experiments amplification in the absence of cDNA was performed as a negative control. PCR products were stained by Gelstar nucleic acid staining (BMA, Rockland, ME, USA) and separated according to their length (bp) in a 1.5% agarose gel. Length of specific PCR products was estimated by a 100-bp ladder (Life Technologies).
Semi-quantitative analysis of PCR products
We selected rat Actb as control gene and all RT-PCR products were diluted according to their level of Actb gene expression. Correct dilution was confirmed by a final Actb PCR of templates. The optical density of each specific Actb band was compared with a standard dilution of pooled RT-PCR products from 1:5 down to 1:40 to create a standard curve, while PCR templates were originally diluted 1:10. Within this standard, the optical density of Actb PCR products finally differed with a CV of approximately 15%. Following final dilution and confirmation of Actb adjustment, final aliquots of each stimulation experiment were frozen at −20°C until PCRs with specific primer sets were performed. Optical density of specific PCR products was measured and quantified as relative density compared with one reference experiment at the start of incubation (timedependent regulation) or to one reference glucose concentration (regulation by glucose concentration).
Quantitative analysis of PCR products
Gene expression of rat Pklr, Igf1r, Insr, Insrr, Actb and 36B4 was measured by quantitative real-time RT-PCR in a fluorescence temperature cycler (TaqMan; Applied Biosystems, Darmstadt, Germany) as described recently [31] . Briefly, total RNA was isolated from islets or INS-1E cells using TRIzol (Life Technologies) and 1-2 μg RNA was reverse transcribed with standard reagents (Life Technologies). Two microlitres of each RT reaction were amplified in a 26 μl PCR by using the Brilliant SYBR Green QPCR Core Reagent Kit from Stratagene (La Jolla, CA, USA) according to the manufacturer's instructions. Samples were incubated in the Taqman for an initial denaturation at 95°C for 10 min, followed by 40 PCR cycles, each cycle consisting of 95°C for 15 s, 60°C for 1 min and 72°C for 1 min. Primers were used as for semi-quantitative RT-PCR (Table 1) . SYBR Green I fluorescent emissions were monitored after each cycle. Expression of Pklr, Igf1r, Insr, Insrr, Actb and 36B4 mRNA was quantified by the second derivative maximum method of the TaqMan Software (Applied Biosystems) determining the crossing points of individual samples by an algorithm which identifies the first turning point of the fluorescence curve. Specific expression of genes was calculated relative to 36B4 in islets or Actb in INS-1E cells, respectively, which were used as an internal control due to their resistance to glucose-dependent regulation [32] . Amplification of specific transcripts was confirmed by melting curve profiles (cooling the sample to 68°C and heating slowly to 95°C with measurement of fluorescence) at the end of each PCR. The specificity of the PCR was further verified by subjecting the amplification products to agarose gel electrophoresis.
Immunoblotting of AMPK, Igf-IR and IR Cells were washed twice in ice-cold PBS, scraped in icecold HEPES lysis buffer (HEPES 50 mmol/l, NaCl 100 mmol/l, EDTA 10 mmol/l, 1.0 mmol/l sodium ortho-vanadate, Triton X-100 1%, NaF 1 mmol/l, leupeptin 1 μg/ml), vortexmixed and centrifuged (14,000×g; 3 min; 4°C). Protein content was assayed using a DC protein assay kit (Bio-Rad, Hercules, CA, USA), against BSA Type V (Sigma) standards. Total protein extracts (10-30 μg) were resolved by SDS-PAGE (10% v/v bisacrylamide:acrylamide, 37.5:1) and transferred to nitrocellulose membranes, followed by immunoblotting with specific antibodies or antisera. Secondary antibodies were revealed using chemiluminescence blotting substrate (Supersignal; Pierce/Perbio, Bonn, Germany). The following primary antibodies or polyclonal antisera were applied: anti-AMPK (dilution 1:1,000) and anti-phospho-AMPK-Thr 172 (1:1,000), both polyclonal rabbit antisera (Cell Signaling Technology, Beverly, MA), and polyclonal goat antisera against IGF-IRβ (C-20, 1:2,000) and IRβ (C-19, 1:5,000), both from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Primary rabbit antibodies were detected by goat anti-rabbit immunoserum (Pierce) diluted 1:40,000, and primary goat antibodies by rabbit anti-goat immunoserum (DakoCytomation, Hamburg, Germany) diluted 1:40,000. Density analysis of specific protein bands was performed with Scion Image Beta 4.0.2 (Scion Corporation).
Data analysis
Statistical comparisons were carried out by paired Student's t-test with Welch's correction for unequal variances, where appropriate. Analysis and graphs were performed using the GraphPad Prism 3.0 software. Data are plotted as mean values and SE of the mean. 
Results
RNA expression of IR family members in rat islets and INS-1E beta cells
To compare gene expression of the IR family members Igf1r, Insr and Insrr but also of Igf2r and Actb, specific rat primers (Table 1) were used to detect mRNA transcripts in rat islets, INS-1E insulinoma cells, and as controls in rat hypothalamus. Transcripts of Igf1r, Insr, Insrr and Igf2r were detected in rat islets, rat INS-1E beta cells, and in rat hypothalamus. Expression levels did not vary substantially (Fig. 1) .
Glucose (Fig. 2) . The metabolic gene Pklr was upregulated at high (25 mmol/l) glucose concentration and downregulated at low glucose concentration (1.6 mmol/l). This downregulation was already significant at 3 h of glucose incubation and thus Pklr was the earliest glucose-regulated gene in our experiments (Fig. 2d) .
Moreover, to investigate clear dose-response effects and also regulations at extreme glucose levels, INS-1E cells were incubated at glucose concentrations from 50 to 0.8 mmol/l. First, expression of Igf1r, Insr and Insrr was regulated in a clear dose-dependent way within 24 h (Fig. 3) . In detail, expression of Insr was stimulated by low glucose concentrations, while expression of Insrr was upregulated by glucose concentrations below 6.2 mmol/l and suppressed at high glucose levels above 12.5 mmol/l. Expression of Igf1r gene formed a bell-shaped curve with suppression at very low and very high glucose concentrations. In contrast, Igf2r was not regulated by changes in glucose concentration. Interestingly, extreme glucose concentrations at the very low (0.8 mmol/l) or very high (50 mmol/l) end regulated expression similarly to lower or higher glucose concentrations and thus we assume that gene regulation at these extreme values still followed the general mechanism observed at lower or higher glucose concentrations. Moreover, high osmolarity produced by 37.5 mmol/l L-glucose plus 12.5 mmol/l D-glucose was not different from gene expression levels at 12.5 mmol/l Dglucose alone. Therefore, the mechanism of gene regulation by high glucose concentrations was most probably due to glucose uptake and its intracellular metabolic activity, not to changes in osmolarity.
Glucose-regulated gene expression in rat islets
In rat islets, glucose-dependent gene expression of Bars represent means±SE and expression levels are calculated as relative expression compared with expression in culture medium with a glucose concentration of 11.1 mmol/l before glucose incubation, i.e. at 0 h (hatched bars). Plotted data are mean values from at least three independent cell stimulations and RT-PCR reactions. Significant differences (paired t-test compared with expression levels at an intermediate glucose concentration of 12.5 mmol/l) are indicated as *p<0.05, **p<0.01 and ***p<0.001 cells (Fig. 4) . First, in rat islets Igf1r was more highly expressed at a glucose concentration of 25 mmol/l than at 6.2 or 1.6 mmol/l. The upregulation by high glucose was found to be 83-fold higher than at 6.2 mmol/l and, furthermore, Igf1r expression was another 2.6-fold lower at 1.6 mmol/l glucose than at 6.2 mmol/l (Fig. 4a) . Secondly, both Insr and Insrr were suppressed at low (1.6 mmol/l), but not significantly upregulated at high (25 mmol/l), glucose concentration. In contrast to these receptor genes, Pklr expression was upregulated by high glucose concentrations in rat islets and in INS-1E beta cells. Overall, regulation of the metabolic Pklr gene was the same in rat islets and INS-1E insulinoma cells, while expression of Igf1r, Insr and Insrr was different within a time range of up to 24 h. Islet function remained intact within the investigated 24 h, as measured in terms of insulin content and insulin secretion. Insulin content was reduced at 25 mmol/l glucose (mean 3.84 pmol/islet; p<0.01) but was not found to be different at 6.2 (mean 5.06 pmol/islet) or 1.6 mmol/l (mean 4.38 pmol/islet). Furthermore, insulin secretion was strongly increased at 25 mmol/l glucose concentration (mean 5.65 pmol ml (Fig. 6a-c) . AICAR strongly stimulated expression of Igf1r after 12 and 24 h at all glucose concentrations. In addition, AICAR significantly increased gene expression of Insrr and Insr at 25 mmol/l glucose concentration. Expression of Pklr was found to be strongly stimulated at high glucose concentration in a dosedependent way and AICAR suppressed the level of Pklr expression in a general way with the glucose-concentration-dependent effect still evident (Fig. 6d) . In INS-1E beta cells, we found no significant gene regulation of Actb compared with 36B4 and finally Actb was selected as reference gene for all studies in INS-1E cells, including quantitative PCR experiments (Fig. 6e) . Because of the limited source of rat islets, studies on whether AMPK is involved in glucose-regulated receptor mRNA and protein expression were performed in INS-1E cells only.
Glucose and activation of AMP-kinase regulated protein expression of IGFIR and IR
Glucose concentration clearly regulated protein expression of IR and IGF-IR in a dose-dependent way (Fig. 7) . The IGF-IR protein was decreased at low (3.1 mmol/l) and high (50 mmol/l) glucose concentrations; this regulation was found to be significant only for the pre-IGF-IR protein (Fig. 7c) . Furthermore, activation of AMPK by AICAR resulted in a strong upregulation of pre-IGF-IR and IGF-IR β-subunit at all glucose concentrations with an exception at highest concentrations of 50 mmol/l glucose (Fig. 7a,c) . The IR protein was suppressed at high glucose concentrations (50 mmol/l) and increased at low glucose levels (3.1 mmol/l). AICAR incubation upregulated IR expression significantly at high glucose levels, while high glucose concentration alone appeared to suppress receptor expression. In general, glucose-regulated and AICAR-modulated protein expression of both IGF-IR and IR paralleled mRNA expression of both receptors as investigated by PCR (Figs. 3 and 6 ). To investigate whether AICAR/ZMPdependent stimulation of AMPK was still present after 24 h, we performed immunoblotting of AMPK and phosphorylated AMPK. Expression of AMPK was not changed after 24 h, but only if AICAR was present, continuous activation of AMPK by low glucose concentrations persisted (Fig. 7a ).
Discussion
We have found evidence that glucose concentration on its own is sufficient to regulate the tyrosine kinase receptor genes Igf1r, Insr and Insrr in rat islets and in the rat beta cell line INS-1E. Both IGF-IR and IR strongly participate in metabolic and growth functions of pancreatic islets and beta cells. The fact that glucose concentration regulates mRNA and protein expression of these receptors might indicate a new and independent mechanism of glucosestimulated islet growth and beta cell function.
Glucose concentration regulates expression of Igf1r, Insr and Insrr
In our study, rat islets increasingly expressed Igf1r, Insr and Insrr at high vs low glucose concentrations. In addition, expression of these receptors was paralleled by expression of the metabolic gene Pklr, a key enzyme of glycolysis. Until now, high glucose concentration has been thought to trigger specific beta cell functions, predominantly insulin secretion and preproinsulin expression [3, 27] . Furthermore, distinct roles of IGF-IR and IR signalling on glucosestimulated insulin secretion were previously investigated by Da Silva Xavier et al. [11] using an RNA-silencing technique by small-interfering-RNAs in pancreatic MIN6 beta cells. They found that a reduction of IR expression strongly inhibited insulin secretion and blocked mRNA expression of the glucose-regulated genes INS, insulin promoter factor 1 (IPF1) and glucokinase (GCK). Moreover, loss of Igf1r inhibited glucose-dependent insulin seretion, glucose-dependent ATP accumulation, but not expression of the aforementioned glucose-regulated genes [2] . Therefore, beta cells require function of both IR and Igf-IR for the complete process of glucose-dependent insulin secretion. Our study indicates that glucose concentration sufficiently regulates expression of Igf1r and Insr and therefore increases expression of receptor proteins that are mandatory for glucose-dependent beta cell function. Furthermore, chronic hyperglycaemia reduced absolute levels of Insr expression in RIN beta cells and in human islets, but also increased relative abundance of its exon 11+ splicing variant that binds insulin with lower affinity. Specific insulin signalling was decreased and this specific regulation of IR expression and shift in alternative splicing was claimed to play a role in beta cell dysfunction caused by chronic hyperglycaemia [33] . In contrast to IR and IGF-IR, detailed function of IRR that is also strongly regulated by glucose remains unclear. or IGF-IR [19, 20] . Nevertheless, until now no morphological or functional abnormalities had been found in islets of IRR knock-out mice and therefore its physiological function in pancreatic beta cells remains unclear [21] . Importantly, we found that gene expression of Igf1r, Insr and Insrr is differentially regulated in intact rat islets and in INS-1E beta cells. Most prominent was an upregulation of Igf1r, Insr and Insrr by high glucose concentrations in rat islets which was not found in INS-1E cells. Moreover, Pklr was upregulated by high glucose concentrations in both islets and INS-1E cells and therefore glucose-dependent regulation of this metabolic gene was not different.
Pathogenesis of newborns from diabetic mothers indicates that glucose is a strong regulator of beta cell mass in humans in vivo. These babies are exposed to chronic hyperglycaemia in utero, developing islet hyperplasia and hyperinsulinism with a high risk of displaying severe hypoglycaemia postnatally [34] . Moreover, in vivo animal experiments and in vitro studies indicate that IGF-I-, IGF-II-and growth-hormone-dependent proliferation of beta cells strongly depends on glucose concentration and requires glucose metabolism [4, 5] . It was found that high glucose concentration increased protein kinase B and protein kinase C activation, ERK1/2 phosphorylation and IGF-I-induced phosphatidylinositol-3 kinase association with IRS-1 and IRS-2. Thus, the IGF-I signalling network and finally IGF-I-induced beta cell proliferation was influenced at several levels by glucose concentration [35, 36] . Our findings point to a new mechanism by which glucose could regulate beta cell mass. Upregulation of gene and protein expression of IGF-IR, IR and maybe other beta cell growth factor receptors enhances signalling mechanisms that promote proliferation in response to high glucose concentrations in islets. By this, the pancreatic islet mass could adapt to higher insulin requirements in states of absolute or relative insulin deficiency, like high nutrient supply, diabetes or pancreas injury. This hypothesis was supported by the finding that in islets gene expression of Igf1r was strongly upregulated by high glucose concentration and thus could contribute to higher beta cell survival [1, 5] . Furthermore, Hoorens et al. [6] Recent studies demonstrated that glucose depletion increases cellular AMP levels and activates AMPK in several beta cell lines, including HIT-T15 and MIN-6 insulinoma cells [24, 37, 38] . In contrast to some data obtained in these cell models showing a more permanent AMPK phosphorylation, we found only a short-term suppression of AMPK by high glucose in INS-1E cells. In contrast to glucose effects, AICAR permanently and strongly activated AMPK up to 24 h. We tested whether direct stimulation of AMPK by AICAR interferes with glucose-regulated receptor gene and protein expression. PKLR, ALDO-B or SLC2A2 are known glucose-and AICAR-regulated genes in beta cells and their respective gene products are involved in glucose transport and metabolism. Expression of these genes is regulated by the transcription factor HNF4α, which is a substrate of AMPK [27] . Phosphorylation of HNF4α by AMPK inhibits the formation of HNF4α homodimers and thus subsequently prevents HNF4α binding to DNA, while gene expression of HNF4α is not strongly regulated by AMPK activation [39] . Thus AMPK/HNF4α could represent an important axis of glucose-dependent gene regulation, not only for genes of glucose metabolism, but also for genes regulating beta cell growth, survival and differentiation. We found it remarkable that AMP-kinase activation by AICAR strongly increased mRNA and protein expression first of all of IGF-IR, but also of IR at high glucose concentrations. Thus, AMPK might not only regulate gene expression of proteins for glucose transport and metabolism like GLUT-2 or L-PK, but furthermore of growth factor receptors that are involved in regulation of beta cell mass, beta-cell-specific glucose sensing and insulin secretion. Nevertheless, AICAR and its respective monophosphate ZMP do not selectively activate AMPK but also other enzymes regulated by AMP, such as fructose-1,6-biphosphatase [24] . Therefore AICAR incubation mimics low cellular energy charge and high AMP content, which is strongly induced by low glucose levels. Nevertheless, glucose-dependent transcriptional regulation of IGF1R and INSR genes will be important in understanding how pancreatic islets respond to hyperglycaemia acutely by increasing insulin secretion, but also chronically by adapting islet cell mass to glucose levels.
Conclusions
These data indicate that in general expression of Igf1r, Insr and Insrr is regulated by glucose concentration in rat islets and in INS-1E insulinoma cells. Why expression of Igf1r, Insr and Insrr is regulated inversely in islets and INS-1E beta cells at high or low glucose concentrations, remains unexplained. INS-1E cells stem from clonal selection of radiation-induced insulinoma cells that slowly proliferate and are less glucose-sensitive and differentiated than beta cells within islets. The switch in glucose-dependent receptor expression might be part of their transformation and regulate tumour cell growth vs highly glucose-sensitive insulin secretion. We find that our descriptive and functional comparison will be helpful for developing new hypotheses of glucose-regulated beta cell growth and function. This will be important for both differentiated islets and transformed insulinoma cells, like INS-1E cells. AMPK activation by AICAR has been shown to increase expression of Igf1r, Insrr and Insrr in INS-1E cells. But whether AMPK is the key regulator of glucose-mediated receptor regulation remains to be investigated.
